In this study, phosphoric acid doped hydrophobic ionic liquid-based composite membranes are successfully synthesized and characterized. 1-Vinyl-3-butylimidazolium bis(trifluoromethylsulfonyl)-imide 
Introduction
Proton exchange membrane fuel cells (PEMFCs), which convert chemical energy directly to electrical energy and avoid the limitations of Carnot cycle, are considered as one of the most promising power generation technologies. [1] [2] [3] Compared with the normal PEMFCs operations at low temperatures (below 90 C), the PEMFCs operating at elevated temperatures in the range of 120-200 C under anhydrous conditions have several merits, including simplied heat and water management, increased fuel cell efficiency and improved catalyst tolerance to CO. [4] [5] [6] However, typical proton exchange membranes (PEMs) such as DuPont's Naon® membranes can hardly operate at elevated temperature range (120-200 C) due to the dehydration of membranes. 7 Therefore, a critical challenge in developing high temperature PEMFCs is to develop low cost PEMs with high conductivity at elevated temperatures.
Recently, several studies have been conducted for the preparation of novel or functionalized commercially proton exchange membranes with good fuel cell performance at elevated temperatures. [8] [9] [10] [11] [12] [13] [14] Development of sulfonated polymers with the sulfonic acid groups is an important approach to preserve water and obtain high temperature PEMs. 15 Though high degree of sulfonation results in high proton conductivity of PEMs, it also reduces the mechanical properties of membranes because of high swelling ratio. 16 Both proton conductivity and mechanical properties of PEMs could be enhanced at elevated temperatures by adding hydrophilic inorganic additives into sulfonated polymers. 17, 18 However, this type of composite PEMs still cannot maintain high proton conductivity above 130 C due to the evaporation of water.
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Phosphoric acid could be used as high temperature protonic conductors; it is an effective way to prepare high temperature PEMs by replacement of water with phosphoric acid. [20] [21] [22] [23] [24] The dynamic hydrogen bond networks that formed from phosphoric acid, favor the transfer of protons. 25, 26 On the other hand, the incorporation of phosphoric acid could improve the water uptake of PEMs at high temperatures. 27 Therefore, phosphoric acid doped PEMs have attracted much attention due to the high proton conductivity at elevated temperatures. Generally, more phosphoric acid uptake of the polymer systems leads to a higher conductivity of the membranes. However, too high phosphoric acid uptake of the PEMs oen reduces the mechanical properties and chemical stabilities of the membranes signicantly, 28 making them unsuitable for practical use.
Recently, syntheses of new types of ionic polymers 29, 30 have been pursued to obtain PEMs with high proton conductivity and excellent mechanical properties. Si et al. 29 prepared phosphoric acid doped cross-linked proton-conducting membranes, and the resultant composite membranes showed high thermal stability and high proton conductivity (at 160 C). However, the membranes showed a high phosphoric acid uptake, and the mechanical properties of the membranes were not satisfactory. Therefore, synthesis of novel PEMs with excellent chemical and mechanical stability as well as high proton conductivity at high temperature is in great demand.
Yan et al. reported novel composite PEMs by doping protic ionic liquid into the membranes, and the composite membranes showed good mechanical properties and high proton conductivity due to the microscopic phase separation formed in the membranes. 19 It is usually considered that membranes with a well-dened phase separation morphology show higher conductivity and mechanical properties than those without microscopic phase separation structure. 31 In the present study, a hydrophobic ionic liquid, 1-vinyl-3-butylimidazolium bis(triuoromethylsulfonyl)-imide, was synthesized and used for the preparation of high-temperature PEMs. A microscopic phase separation morphology is expected to be formed in the membranes due to the presence of a hydrophobic ionic liquid and phosphoric acid. The effect of the hydrophobic ionic liquid content on the membrane properties, such as thermal stability, mechanical properties, phosphoric acid uptake, swelling ratio, microstructure and proton conductivity, were systematically investigated.
Experimental

Materials
Styrene, acrylonitrile, N-vinylimidazole, divinylbenzene (DVB), benzoin ethyl ether, 1-bromobutane, ethyl acetate and bistriuoromethanesulfonimide lithium salt were used as purchased. All of the vinyl monomers were made inhibitor-free by passing the liquid through a column lled with basic Al 2 O 3 to remove the polymerization inhibitor. Distilled deionized water was used for all experiments. (15-55 wt%) , N-vinylimidazole (55-15 wt%), divinylbenzene (4 wt% for the formulation based on the weight of monomer), and 2 wt% of photoinitiator benzoin isobutyl ether was stirred and ultrasonicated to obtain a homogeneous solution, which was then cast onto a glass mold and photocross-linked by irradiation with UV light of 250 nm wavelength at room temperature. The resultant membrane samples were washed with ethanol and distilled deionized water and vacuum dried at 120 C for 24 h. The prepared membranes were soaked into 85 wt% of H 3 PO 4 at 80 C for 24 h. The acid-doped membranes were wiped with lter paper and vacuum dried at 70 C for 36 h to remove the absorbed water before characterization. 
Synthesis
where W w and W d are the weight of the doped and undoped membranes, respectively. The swelling ratio (SR) of the composite membranes was determined from the dimensional differences between the wet and dry samples. The calculation was based on the following equation:
where L s and L d are the lengths of the wet and dry membranes, respectively.
Proton conductivity
The resistance of the membrane samples was measured over the frequency range from 0.1 Hz to 1 MHz by the AC impedance method, using an electrode system connected with an electrochemical workstation (CHI604). A totally dried H 3 PO 4 -doped rectangular piece of membrane was sandwiched between two gold electrodes in a glass cell and placed in a programmable oven to measure the temperature dependence of the conductivity. The impedance measurement was performed from 80 C to 180 C under anhydrous conditions. All the samples were equilibrated for at least 30 min at a given temperature. Repeated measurements were obtained at 10 min intervals until no change in conductivity was observed. The ionic conductivity of a given membrane (s, expressed in units of S cm À1 ) was calculated from the following equation:
where l is the distance between two stainless steel electrodes (cm), A the cross-sectional area of H 3 PO 4 -doped membrane (cm 2 ) obtained from the membrane thickness multiplied by its width, and R the membrane resistance value from the AC impedance data (U).
Results and discussion
Characterization of electrolytes
In the present study, 34 and this can be conrmed by the height images shown in Fig. 3A and Fig. 3C . Microscopic phase separation structure formed in the membranes can be conrmed by the AFM phase images. The darker areas represent the copolymer composed of styrene, acrylonitrile and N-vinylimidazole, and the brighter areas are associated with hard hydrophobic domain composed of [VBIm] [NTf 2 ] (Fig. 3B and D) (Fig. 5 ).
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Conclusion
In summary, a series of phosphoric acid doped cross-linked copolymer membranes with different hydrophobic ionic liquid contents were synthesized and characterized. The resultant hydrophobic ionic liquid-based PEMs had excellent thermal stability and high conductivity at elevated temperatures under anhydrous conditions. The introduction of proper amount of [VBIm][NTf 2 ] can be benecial to increase the conductivity of PEMs. The resultant hydrophobic ionic liquidbased PEMs demonstrated great potential for proton exchange membrane fuel cell applications based on its good thermal stability, sufficient mechanical properties and high proton conductivity at high temperature. This study on hydrophobic ionic liquid-based PEMs will have an impact on further investigations of high temperature proton exchange membranes for fuel cells.
